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INTRODUCTION 


The  HF  laser  is  attractive  for  a  variety  of  military  applications  because  of 
its  relatively  short  wavelength  and  its  potential  for  high  output  powers. 
Unfortunately,  its  transition  frequencies  fall  in  or  near  the  2.7ym  water 
vapor  bands,  resulting  in  severe  atmospheric  attenuation  for  all  but  extremely 
dry,  low  altitude  environments.  At  upper  altitudes,  however,  where  the  water 
content  of  the  atmosphere  is  low,  this  laser  should  exhibit  good  propagation 
characteristics. 

Although  it  is  possible  to  use  line-by-line  (H1TRAN  type)  procedures  to 
evaluate  absorption  coefficients  at  HF  laser  line  positions,  the  accuracy  of 
these  calculated  coefficients  is  uncertain.1  This  is  the  case  since  in 
evaluating  coefficients  at  discrete  laser  wavelengths,  the  calculated  values 
are  highly  sensitive  to  the  strengths,  positions,  and  widths  of  spectral  lines 
in  the  immediate  vicinity  of  the  laser  frequency.  As  a  result,  small  errors 
in  these  parameters  can  significantly  alter  the  calculated  coefficients  as 
well  as  their  pressure/temperature  dependence.  In  addition,  to  accurately 
evaluate  coefficients  in  as  dense  a  spectral  region  as  the  2.7pm  water  bands, 
an  accurate  knowledge  of  the  overall  line  shape  is  critical  if  one  is  to 
properly  account  for  the  wing  contributions  of  the  multitude  of  lines  around 
the  laser  frequency. 

To  determine  the  accuracy  of  these  calculational  procedures,  a  previous 
experimental  program  was  undertaken  which  measured  absorption  coefficients  at 
a  number  of  HF  laser  lines  as  a  function  of  water  content,  temperature,  and 
total  pressure.1  Comparisons  of  these  measured  values  with  line-by-line 
calculations  indicated  that  agreement  could  be  obtained  only  if  modifications 
were  made  to  the  calculational  data  base  (the  Air  Force  Geophysics  Laboratory 
[AFGL]  atmospheric  absorption  line  compilation) 2  and  if  a  modified  line 
profile  were  used. 

Since  the  measurements  performed  under  the  previous  program  were  limited  to 
conditions  corresponding  to  altitudes  of  7  km  or  less,  the  current  program  was 
undertaken  to  extend  these  measurements  and  to  determine  the  validity  of  the 
modified  calculational  procedures  at  yet  higher  altitudes.  This  report 
presents  details  of  a  photoacoustic  system  developed  to  perform  these 
measurements,  along  with  data  collected  with  this  system  on  HF  laser  lines 
Pj(7),  Pp(5),  P2(6).  Pg ( 7 ) ,  and  P£(8)  for  mole  fractions  and  pressures 
corresponding  to  altitudes  up  to  10  km. 


■Wendell  R.  Watkins  et  al ,  1978,  Water  Vapor  Absorption  Coefficients  At  HF 
Laser  Wavelengths,  Part  I:  Atmospheric  Conditions  Corresponding  to  Altitudes 
up  to  1  km,  ASL-TR-0007,  US  Army  Atmospheric  Sciences  Laboratory,  White  Sands 
Missile  ftange,  Mi. 

2R.  A.  McClatchey  et  al ,  1973,  AFCRL  Atmospheric  Absorption  Line  Parameter 
Compilation,  AFGL-TR-73-0096,  Air  Force  Geophysics  Laboratory,  Hanscom  afb, 
MA. 


7 


*  * 


i 


Appendix  A  contains  background  into  the  theory  of  measuring  absorption 
coefficients  by  photoacoustic  detection  with  a  spectrophone.  A  discussion  of 
the  system  and  the  procedures  developed  for  its  calibration  and  use  are 
presented  in  subsequent  sections  of  this  report. 


EXPERIMENTAL  SYSTEM 
The  Optical  System 

The  optical  system  constructed  for  spectrophone  absorption  measurements  is 
shown  schematically  in  figure  1,  in  which  a  pulsed  Lumonics  laser  was  used  as 
a  source  of  IR  radiation.  Because  of  the  strong  RF  fields  associated  with  the 
discharge  of  this  laser,  it  was  placed  about  30  m  away  from  the  actual 
spectrophone  system  and  its  output  beam  controlled  with  a  servo-operated  flat 
mirror  -( F3 ) .  Since  the  near  field  output  pattern  of  this  laser  was  a  donut 
shaped  mode,  mirror  F3  could  be  pierced  without  any  loss  of  energy  and  an  HeNe 
beam  coincident  with  the  IR  beam  allowed  for  visual  alignment  of  the  optics. 
Once  propagated  to  the  optics  table  containing  the  remainder  of  the  system, 
the  beam  was  reduced  in  size  and  recollimated  using  two  spherical  mirrors  SI 
and  S2.  Flat  mirrors  (F5,  F6)  were  then  used,  in  conjunction  with  a  pair  of 
irises  placed  on  either  side  of  the  spectrophone  cavity,  to  align  the  beam 
with  the  axis  of  the  spectrophone.  Mirror  F7  reflected  the  beam  back  on 
itself,  double  passing  the  cavity,  and  a  portion  of  the  reemerging  beam  was 
split  off  to  monitor  the  laser  power. 

Because  of  the  distance  that  the  IR  beam  traveled  in  getting  to  the  optics 
table,  turbulence  in  the  laboratory  air  caused  the  beam  to  jitter.  This  had 
little  if  any  effect  on  the  spectrophone  itself  since  the  beam  size  was  small 
compared  to  the  1.59-cm  bore  in  the  cavity.  In  monitoring  the  laser  energy, 
however,  small  beam  motions  significantly  altered  the  output  of  the  pyro¬ 
electric  detector.  To  eliminate  these  variations,  an  off-axis  parabola  (PI) 
was  used  to  image  the  fraction  of  the  beam  reflected  off  the  beam  splitter 
(BS)  onto  a  diffusion  plate  (D)  placed  2.5  to  5  cm  in  front  of  the  pyro¬ 
electric  detector.  Since  the  diffuser  had  a  fairly  broad  forward-scattering 
lobe,  small  motions  of  the  beam  on  this  plate  had  virtually  no  effect  on  the 
detector  signal. 


The  Spectrophone 

As  shown  in  figure  2,  the  spectrophone  assembly  consisted  of  an  outer  vacuum 
jacket  which  contained  the  resonant  subchamber  or  photoacoustic  detector.  The 
outer  jacket  was  designed  by  Charles  Bruce.1  It  incorporates  a  damping 


JC.  W.  Bruce,  1976,  Development  of  Spectrophones  for  CW  and  Pulsed  Radiation 
Sources,  EC0M-5802,  Atmospheric  Sciences  Laboratory,  (JS  Army  Electronics 
Command,  White  Sands  Missile  Range,  NM. 
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chamber  behind  the  windows  and  damping  discs  to  decouple  false  window  signals 
from  the  resonant  subchamber. 

The  resonant  subchamber  used  in  this  study  evolved  a'ter  several  iterations  of 
prototype  design  and  testing.  All  of  the  designs  considered,  however,  were 
cylindrical  chambers  with  small  inside-diameter-to-length  ratios,  so  that  they 
could  be  operated  at  their  fundamental  longitudinal  resonance  at  frequencies 
in  the  kilohertz  range.  After  several  different  designs  were  tested,  a  unique 
differential  subchamber  was  built  with  electret  microphones  at  the  ends  and  in 
the  center  (figure  3).  When  operated  in  a  differential  mode,  the  signals  from 
the  end  microphones  were  averaged  and  subtracted  from  those  of  the  central 
microphones.  Since  the  fundamental  longitudinal  mode  of  this  chamber  had  a 
maximum  pressure  variation  at  the  center  and  pressure  nodes  at  or  near  the 
ends,  this  subtraction  effectively  canceled  signals  common  to  all  microphones 
while  leaving  the  signal  arising  from  the  fundamental  mode  relatively 
unattenuated.  This  had  the  advantage  of  substantial ly  reducing  unwanted 
system  noise  arising  from  window  absorption  effects  and/or  RF  interference 
from  the  laser  trigger. 

Tests  of  this  system  indicated  that  RF  pickup  signals  were  not  at  all  in 
evidence  when  the  system  was  operated  differentially,  while  without 
end-microphone  subtraction  laser  trigger  noise  generated  a  0.45-mV  spike  on 
the  leading  edge  of  the  output  waveform  which  itself  had  an  amplitude  of  only 
0.05  mV.  Background  acoustic  noise  was  also  highly  attenuated  as  was  seen  by 
deliberately  injecting  noise  into  the  system  using  either  a  speaker  or  the 
pump  used  to  circulate  gases  through  the  spectrophone  chamber.  Without 
end-microphone  subtraction,  the  resonant  signal  was  almost  completely 

concealed  by  this  extraneous  noise,  while  with  subtraction  this 

$ignal--although  noisy--was  clearly  discernible. 

Tests  were  run  on  this  differential  system  to  determine  detection  thresholds, 
using  water  vapor  fills  for  which  measured  absorption  coefficients  were 
available,1  to  determine  calibration  factors  and  pure  nitrogen  fills  to 
establish  background  noise  levels.  The  results  of  these  tests  are  shown  in 
figure  4,  in  which  the  noise  equivalent  absorption  coefficient  is  plotted 
against  nitrogen  pressure  for  the  various  laser  lines.  Surprisingly,  this 
data  indicated  that  the  background  level  increased  with  increasing  pressure 
and  was  a  function  of  the  laser  line  used.  Although  the  exact  origin  of  these 
signals  is  not  known,  it  is  believed  that  they  arose  from  absorption  in  the 
chamber  windows,  since  their  magnitudes  varied  as  the  inverse  of  the  H2O/CO2 

absorption  for  the  various  lines.  Thus,  the  lines  experiencing  less  H2O/CO2 
attenuation  would  be  substantially  stronger  and  less  diffuse  after  traversing 


‘Wendell  R.  Watkins  et  al ,  1978,  Water  Vapor  Absorption  Coefficients  At  HF 
Laser  Wavelengths,  Part  I:  Atmospheric  Conditions  Corresponding  to  Altitudes 


the  30-rr>  path  from  the  laser  to  the  spectrophone  system  than  lines  with  larger 
H2O/CO2  attenuations.  Attempts  to  further  reduce  these  background  levels 
proved  unsuccessful . 


The  Gas  Fill/Monitoring  System 

Since  relatively  low  dew-point  fills  were  to  be  used  in  the  spectrophone  to 
simulate  high  altitude  conditions,  a  special  gas  filling  and  monitoring  system 
had  to  be  constructed  to  maintain  stable,  well-known  fill  conditions.  The 
reservoir  system  of  figure  5  was  developed  as  a  source  of  moderate-to-low  dew¬ 
point  nitrogen/oxygen  which  could  be  added  to  the  spectrophone  as  required  to 
maintain  a  given  low  dew-point  fill.  To  charge  the  reservoir  with  moderate 
dew-point  gas,  it  was  initially  filled  with  pure  nitrogen  (and/or  oxygen)  to  a 
pressure  higher  than  that  required  for  a  series  of  spectrophone  fills.  This 
gas  was  then  circulated  through  a  water  bath  with  throttling  and  by-pass 
valves  (1,2,3),  thus  adding  water  vapor  to  the  flow.  If  desired,  a  portion  of 
this  gas  could  be  extracted  and  its  dew  point  monitored  using  the  dew-point 
sensor  incorporated  into  the  spectrophone  circulation  system.  Since  the 
volume  of  the  reservoir  was  approximately  30  times  that  of  the  spectrophone,  a 
full  reservoir  could  be  used  for  several  series  of  spectrophone  fills. 

The  spectrophone  gas  control  system  is  shown  in'  figure  6.  A  primary  vacuum 
pump  (1)  was  used  to  evacuate  the  spectrophone,  the  gas  fill  lines,  and  the 
capacitance  manometers.  During  evacuation,  the  system  vacuum  could  be 
monitored  with  thermocouple  gauges  TCI,  TC2,  and  TC3,  whose  positions  were 
chosen  so  that  the  vacuum  integrity  of  the  various  legs  of  the  system  could  be 
routinely  monitored.  A  subsystem  consisting  of  a  circulating  pump  (CP), 
thermocouple  gauge  1  (TCI),  and  a  dew-point  meter  (DP)  was  used  to  flow  the 
spectrophone  gas  charge  across  the  dew-point  sensor  to  determine  its  water 
vapor  partial  pressure.  It  also  circulated  this  gas  while  adding  buffer  gases 
to  insure  homogeneous  mixing  of  the  species.  The  spectrophone  fill  pressure 
was  monitored  using  both  0-  to  100-torr  and  0-  to  1000-torr  capacitance 
manometers.  A  second  vacuum  system  tied  onto  pump  2  was  used  to  evacuate  the 
region  between  inner  and  outer  spectrophone  windows  so  that  the  system  could 
be  used  at  low  temperatures  without  building  up  frost  or  condensation  on  the 
windows. 

For  a  given  fill,  the  system  was  initially  evacuated  using  pump  1,  after  which 
the  circulating  pump  was  started  and  gas  introduced  from  the  reservoir  until 
the  approximate  dew  point  of  interest  was  achieved.  Buffer  gases  were  then 
slowly  bled  into  the  circulating  stream  to  bring  the  system  up  to  the  desired 
total  pressure.  The  resulting  gas  mixture  was  then  circulated,  its  dew  point 
monitored,  and  buffer/reservoir  gases  added  as  required  until  a  stable  fill 
was  achieved.  Once  the  fill  appeared  to  be  stable,  the  spectrophone  was 
valved  off  and  absorption  measurements  initiated. 


The  Data  Acquisition  System 


As  indicated  in  equation  ( A - 1 1 )  in  appendix  A,  the  pressure  response  of  the 
photoacoustic  system  divided  by  the  input  laser  power  is  directly  proportional 
to  the  absorption  coefficient.  Determination  of  coefficients  therefore 
requires  measurement  of  both  the  spectrophone  "signal"  and  the  laser  power. 
To  acquire,  digitize,  and  store  these  signals,  the  computer-controlled  data 
system  of  figure  7  was  used.  The  heart  of  this  system  was  an  HP  2100  computer 
with  several  20-kHz  analogue-to-digital  (A-to-D)  input  channels.  The  A-to-D 
card  in  the  computer  was  set  up  to  operate  in  a  paced  mode  so  that  while  the 
CPU  was  requesting  data  from  a  given  channel,  a  single  data  point  was 
digitized  and  transferred  each  time  an  appropriate  external  trigger  pulse  was 
received.  With  this  configuration,  the  computer  software  controlled  the 
accessing  of  the  various  channels  as  well  as  the  number  of  data  points  taken 
from  each,  while  the  external  pacer  pulses  actually  initiated  data  collection 
and  controlled  the  data-taking  rate. 

Since  a  pulsed  laser  was  used  with  this  system,  data  collection  had  to  be 
synchronized  with  the  arrival  of  each  laser  pulse.  To  do  this,  the 

pyroelectric  detector  (used  to  monitor  the  laser  power)  was  also  used  to 

trigger  a  set  of  gate  circuits  which  actually  controlled  the  timing  of  the 

system.  As  shown  in  figure  8,  one  of  the  gate  circuits  turned  on  a  waveform 
generator  and  a  pulse  generator  which  supplied  pacer  pulses  to  the  A-to-D 

card,  initiating  data  collection  on  the  spectrophone  channel--the  first 
channel  accessed  by  the  CK  Also,  since  the  laser  power  had  to  be  recorded 
at  the  same  time  that  the  spectrophone  signal  was  being  digitized,  a  second 
set  of  gate  circuits  placed  peak-and-hol d  circuit  in  its  sample  mode  for 
50us  to  acquire  the  peak  of  the  laser  pulse,  and  then  in  its  hold  mode  for  7U 
ms  so  that  the  CPU  could  digitize  this  value  after  completion  of  the 
spectrophone  signal  digitization.  Both  of  these  signals  having  been  recorded, 
the  gate  circuits  would  shut  off  the  waveform/pulse  generators  and  reset  the 
peak-and-hol d  circuit  in  preparation  for  the  next  laser  pulse,  typically 
occurring  1  s  later. 

The  software  implemented  on  the  HP  2100  was  set  up  to  optionally  collect  two 
different  types  of  data  and  followed  the  logic  of  the  flowchart  shown  in 
figure  7.  Initially,  this  program  interacted  with  the  operator  to  set  up  a 
series  of  parameters  defining  the  conditions  for  the  specific  test  as  well  as 
parameters  relating  to  the  data  to  be  collected  from  the  spectrophone  and 
pyroelectric  detector  channels.  Once  this  was  done,  the  program  would  wait 
for  a  prompt.  Then  it  would  access  the  spectrophone  channel  digitizing  the 
desired  number  of  points  in  the  output  waveform  as  soon  as  the  gate  circuit 
supplied  the  necessary  pacer  pulses.  After  digitization  of  the  spectrophone 
signal,  the  CPU  would  immediately  switch  to  the  pyroelectric  channel  and 
record  the  laser  pulse  height  as  stored  in  the  peak-and-hold  circuit.  At  this 
point,  the  software  would  store  the  data  for  the  single  laser  pulse  in  one  of 
two  ways: 


1.  The  actual  waveform  recorded  from  the  spectrophone  would  be  divided 
by  the  pyroelectric  peak  voltage  and  summed  into  a  data  array,  or 


2.  Pertinent  parameters  defining  the  spectrophone  "signal"  would  be 
evaluated  from  the  waveform  and  these  parameters  output  to  the  CRT-terminal  in 
the  form  of  "signal"  versus  laser  power  plots. 

This  process  would  be  repeated  for  each  laser  pulse  until  the  desired  number 
of  laser  pulses  had  been  processed.  Then  one  of  two  possible  options  was 
again  followed,  depending  on  whether  option  1  or  2  above  was  chosen  for  the 
data  collection.  If  option  1  was  used,  an  average  waveform  was  simply 
generated  and  displayed  along  with  values  for  the  waveform  peak  amplitude,  the 
average  laser  power,  etc.,  as  determined  directly  from  the  data.  If  option  2 
was  chosen,  the  software  would  do  a  least  squares  fit  to  the  displayed 
"signal"  versus  energy  points  and  display  the  parameters  of  this  fit. 

Once  this  process  was  complete,  the  program  could  be  restarted,  either  before 
or  after  saving  the  data  in  a  disc  file,  or  the  data  taking  session  could  be 
simply  terminated. 

In  effect,  option  1  generated  an  average  energy-normal ized  waveform  which 
could  be  used  for  diagnostic  purposes  or,  with  further  processing,  for 
evaluation  of  absorption  coefficients.  Option  2  did  not  preserve  the  waveform 
itself,  only  those  parameters  derivable  from  it  (for  example,  peak  amplitude, 
integrated  area,  etc.).  Option  2  then  determined  the  "signal "-to-power  ratio 
by  doing  a  least  squares  fit  to  the  data  for  individual  laser  pulses.  As  will 
be  seen  below,  this  latter  option  was  found  to  be  the  most  reliable  for 
routine  data  collection. 


Calibration  and  Data  Collection  Procedures 

Using  a  pulsed  laser  source  in  conjunction  with  an  acoustically  resonant 
spectrophone  cavity,  the  output  waveform  is  a  damped  oscillatory  function  such 
as  that  shown  in  figure  9.  The  parameter  which  must  be  derived  from  this 
waveform  is  the  peak  pressure  variation  normalized  to  the  laser  power.  To 
determine  this  value,  several  different  approaches  were  evaluated  including: 
measurement  of  the  peak  amplitude  directly  from  the  observed  waveform, 
measurement  of  the  integrated  area  of  the  modulus  squared  of  the  waveform,  and 
measurement  of  the  peak  and  half-width  of  the  resonant  frequency  spike  in  the 
power  spectrum  of  the  waveform.  The  latter  two  approaches  were  theoretically 
preferable  because  they  evaluated  the  peak  amplitude  using  all  data  points  of 
the  waveform  instead  of  a  single  point.  However,  they  were  less  reliable  in 
practice  because  of  the  difficulties  involved  in  accurately  measuring  the 
pressure-dependent  time  constants  associated  with  buildup  and  decay  of  the 
pressure  wave  in  the  resonant  cavity.  (These  constants  were  required  in  order 
to  extract  the  peak  pressure  amplitude  from  either  of  these  measurements.)  As 
a  result,  the  direct  approach  of  measuring  the  maximum  amplitude  of  the 
waveform  was  used.  To  minimize  the  effects  of  noise  on  these  measurements, 
however,  the  ratio  of  peak  amplitude  to  laser  power  was  determined  by  plotting 
the  amplitude  against  laser  power  for  a  large  number  of  pulses  (as  shown  in 
figures  10  and  11).  This  was  done  while  deliberately  attenuating  the  laser 
beam  using  neutral  density  filters  to  generate  a  spread  in  the  points.  Once 
collected,  a  straight  line  was  least-squares  fit  tc  the  data  and  the  slope, 
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intercept,  and  standard  deviation  of  the  fit  computed.  The  data  was  then 
scanned  and  points  falling  greater  than  two  standard  deviations  away  from  the 
curve  were  flagged  (by  enclosing  them  *‘n  boxes)  and  a  final  fit  made  ignoring 
these  points.  (This  iterative  process  was  primarily  intended  to  eliminate 
extraneous  points  introduced  by  freqt-f  t  false  triggering  or  double  triggering 
by  the  laser.)  The  desired  signal -tv -power  ratio  was  then  given  by  the  slope 
of  the  resulting  curve,  while  the  intercept  represented  a  DC  offset  in  the 
system  which  typically  varied  with  spectrophone  amplifier  gain  setting. 

As  shown  in  reference  1,  absorption  coefficients  for  HF  laser  lines  P^(6)  and 
P2(6)  may  be  accurately  evaluated  using  line-by-line  procedures  in  conjunction 
with  a  modified  line  profile  and  an  augmented  AFGL  absorption  line 
tabulation.  Consequently,  the  spectrophone  system  used  here  was  calibrated  by 
measuring  the  signal-to-energy  ratio  at  laser  line  P2(6)  and  correlating  this 

ratio  with  absorption  coefficients  calculated  for  this  laser  line  at  the 
appropriate  fill  conditions.  Figure  12  shows  an  example  of  a  typical 
calibration  curve  obtained  in  this  way  for  a  variety  of  water  vapor  fills. 


EXPERIMENTAL  DATA 

Experimental  Data  on  HF  Laser  Lines 

In  the  present  program  experimental  data  were  collected  on  HF  laser  lines 
Pj(7),  P2(5),  P2(6),  P2(7),  and  P2(8)  using  water  vapor  partial  pressures  of 

0.464,  0.182,  and  0.054  torr  at  total  pressures  of  700,  500,  250,  and  125 
torr.  The  results  of  these  measurements  are  presented  in  table  1,  where  the 
relative  values  for  the  lines  have  been  converted  to  absolute  coefficients 
using  the  calculated  values  shown  for  laser  line  P2( 6) .  For  laser  line  P?(8) 

only  0.464  torr  data  were  collected  because  of  the  high  background  noise  level 
observed  for  this  line  (figure  4).  Since  for  all  the  measurements  the  water 
vapor  partial  pressure  was  much  smaller  than  the  total  pressure,  the  observed 
coefficients  for  a  given  line  should  vary  linearly  with  water  vapor  pressure 
at  constant  total  pressure.  If  the  modified  line  profile  discussed  in 
reference  1  is  assumed  correct  for  the  water  lines  in  the  HF  region,  it  may  be 
shown  that  the  total  absorption  coefficient  at  frequency  v  is  given  by: 


K(4  .  Ps 


jc  e - — - *  c'r 

(  i  7l[(v  -  V.)2  +  Y-  P|]  j 


.  pn' 
J 


(1) 


where  is  the  strength  of  the  i^  spectral  line,  the  pressure-broadened 
half -width  of  this  line,  \>  the  computational  frequency,  vi  the  line  center 
frequency  of  the  ith  line,  c  and  c’  normalization  constants,  n  a  fit 
parameter,  Ps  the  absorbing  gas  specie  partial  pressure,  and  Pe  the  effective 
broadening  pressure.  The  line  profile  used  in  deriving  this  expression  is 
effectively  a  composite  of  two  functional  forms,  one  appropriate  for  near 


TABLE  1.  OBSERVED  ABSORPTION  COEFFICIENTS 
AND  LINEAR  SQUARES  FIT  VALUES* 


Line  Pj ( 7 ) 


_ Water  Vapor  Pressure  (to rr) _ 

0.054  0.182  0.464 


Total  Pressure 


iuui  rrtfbbure 

(torr) 

Fit 

Obs. 

Fit 

Obs. 

Fit 

Obs. 

125 

0.0343 

0.0373 

0.115 

0.117 

0.295 

0.294 

250 

0.0552 

0.0590 

0.186 

0.184 

0.474 

0.475 

500 

0.0973 

0.103 

0.328 

0.317 

0.836 

0.840 

700 

0.133 

0.143 

0.448 

0.453 

1.140 

1.140 

Line  P2(5) 

Total  Pressure 
(torr) 

Water  Vapor  Pressure  (torr) 

0.054 

0.182 

0.464 

Fit 

Obs. 

Fit 

Obs. 

Fit 

Obs. 

125 

0.0455 

0.0453 

0.153 

0.153 

0.391 

0.391 

250 

0.0794 

0.0833 

0.267 

0.269 

0.682 

0.681 

500 

0.1397 

0.1460 

0.471 

0.488 

1.200 

1.193 

700 

0.1870 

0.196 

0.630 

0.673 

1.607 

1.590 

*As  a  function  of  total  pressure  water  vapor  partial  pressure.  All  entries 
are  per  kilometer. 
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Table  1  (cont) 


Line  P2(6) 

• -  - Water  Vapor  Pressure  (torr) 


0.054  0.182  _  0.464 


Total  Pressure 
(torr) 

Fit 

Obs. 

Fit 

Obs. 

Fit 

Obs. 

125 

0.0365 

0.0362 

0.123 

0.122 

0.314 

0.314 

250 

0.0667 

0.0665 

0.225 

0.224 

0.574 

0.574 

500 

0.122 

0.122 

0.412 

0.412 

1.052 

1.052 

700 

0.164 

0.164 

0.552 

0.551 

1.407 

1.407 

Line  P2(7) 

Water  Vapor  Pressure  (torr) 

0.054 

0.182 

0.464 

Total  Pressure 
(torr) 

Fit 

Obs. 

Fit 

Obs. 

Fit 

Obs. 

125 

0.005 

0.009 

0.0167 

0.0192 

0.0427 

0.0413 

250 

0.0095 

0.0106 

0.0322 

0.0336 

0.0820 

0.0813 

500 

0.0165 

0.0190 

0.0556 

0.0567 

0.142 

0.141 

700 

0.0224 

0.0250 

0.0757 

0.800 

0.193 

0.191 

Line  P2(8) 


Water  Vapor  Pressure  (torr) 
0.464  _ 


Total  Pressure 
(torr) 


Fit 


Obs. 


r 


wings  of  spectral  lines  (v  -  <_  3y.,)  and  one  appropriate  for  far  wings  (v  - 

vi  >  3y^ ) .  As  a  result,  equation  1  contains  two  summations;  in  the  first  the 
sum  over  i  includes  all  lines  less  than  three  half-widths  from  the  laser 
frequency  (v),  while  in  the  second  the  sun  over  j  includes  all  lines  outside 
this  range.  Since  the  effective  broadening  pressure  Pe  is  given  by 


Pe  .  PT  ♦  (B  -  DP, 


(2) 


where  Pj  is  the  total  pressure  and  s  the  self-to-foreign  broadening  ratio,  Pg 
effectively  reduces  to  Pj  whenever  Py  is  much  greater  than  P$.  This  being  the 
case,  the  sums  in  equation  (1)  are  constant  for  a  given  laser  line  at  constant 
total  pressure,  and  K(v)  should  vary  as 

K(v)  =  m(P^,  v)Ps  (2) 


Using  this  linear  dependence,  least  squares  fits  were  made  to  the  data  as 
shown  in  figures  13  and  14.  The  absorption  coefficients  obtained  from  these 
fits  have  been  included  in  table  1  along  with  the  observed  data.  As  may  be 
seen  from  this  table,  the  linear  fits  did  not  significantly  alter  the 

coefficient  values  for  any  of  the  laser  lines  except  P2 ( 7 ) .  This  particular 

line,  however,  not  only  exhibited  low  water  vapor  absorption,  but  also 

suffered  from  a  high  background  noise  level.  The  background  noise  has  its 
greatest  effect  on  the  smaller  coefficient  values,  tending  to  asymptote  the 
data  curve  to  a  nonzero  value  at  zero  pressure.  Fitting  to  a  function  such  as 
equation  (2)  weights  the  slope  value  most  heavily  with  the  higher  pressure 
data,  which  is  least  affected  by  this  noise  and  hence  in  the  more  linear 
portion  of  the  curve.  Values  determined  from  these  least  squares  fits  should 
therefore  be  more  reliable  than  the  raw  data  at  the  low  absorption  levels. 

The  variation  of  the  slopes  of  these  curves  (m)  with  total  pressure  (Pt)  will 

generally  not  be  linear,  however,  since  terms  involving  Pg,  PJ,  and  pj”* 

occur  in  equation  (1).  If  the  absorption  at  a  given  laser  line  is  dominated 

by  nearby  spectral  lines,  so  that  the  first  term  of  this  equation  is  the 

significant  contributor,  then  K(v)  should  vary  as  Pa  when  (v  -  v. ) 1  >  >•*  P* 

e  i  i  e 

and  slower  than  Pe  when  (v  -  v^)*  <  y?  PJ  .  On  the  other  hand,  If  K(v)  is 

strictly  wing  dominated,  so  that  the  second  term  is  che  most  significant,  the 

slopes  of  the  curves  ( m)  should  vary  as  pj'*  .  Since  in  either  case  m  should 
vary  as  some  power  of  Pg  (or  effectively  Pt  for  the  present  data),  least 
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square  fits  of  the  m  values  as  a  function  of  total  pressure  were  made  using  a 
function  of  the  form 


m  =  C 


(4) 


The  results  of  these  fits  are  shown  in  figures  15  and  16  for  the  various  laser 
lines.  It  may  be  seen  from  these  figures  that  equation  (3)  does  represent  the 
data  well  and  may  therefore  be  used  to  interpolate  between  data  points  as  a 
function  of  total  pressure.  It  is  also  worth  noting  that  the  powers  of  Pt 

determined  for  lines  P2(5)  and  P2{7)  are  very  close  to  (n  -  1)  =  0.88.  This 

value  was  determined  in  reference  1  to  give  the  best  agreement  with 

observations  when  using  equation  (1)  to  compute  water  vapor/HF-laser 
absorption  coefficients.*  Since  these  laser  lines  are  known  to  fall  in 
valleys  between  water  vapor  absorption  lines,  it  is  tempting  to  state  that 
this  agreement  supports  the  modified  wing  behavior  of  equation  (1).  However, 
it  is  possible  that,  by  calibrating  against  calculated  coefficients  for  line 
P2(6),  the  data  have  been  somehow  biased  with  this  far-wing  pressure 

dependence.  To  resolve  this  question,  data  should  be  generated  either  by 
using  a  totally  different  measurement  scheme  or  by  calibrating  the 

spectrophone  with  a  different  molecular  specie. 


Comparisons  with  Calculations 

The  primary  objective  of  this  program  was  to  determine  the  validity  of 
line-by-line  procedures  in  computing  HF-laser-1 ine  absorption  coefficients. 
As  a  result,  line-by-line  methods  were  used  to  compute  absorption  coefficients 
for  each  of  the  laser  lines  at  each  of  the  observation  conditions.  In  effect, 
these  calculations  used  equation  (1)  in  conjunction  with  line  parameters  found 
in  the  1980  AFGL  atmospheric  absorption  line  compilation.®  Details  of  the 
procedures  used  are  discussed  in  reference  1  and  will  not  be  repeated  here. 
However,  it  should  be  noted  that: 

1.  All  lines  within  20  cm"1  of  the  laser  frequency  have  been  included  in 
the  computation. 


*The  fact  that  line  Pi (7)  exhibits  a  different  behavior  may  be  explained  by 
its  almost  exact  coincidence  with  two  moderate  strength  water  vapor  lines. 

*R.  A.  McClatchey  et  al ,  1973,  AFCRL  Atmospheric  Absorption  Line  Parameter 
Compilation,  AFGl-TR-73-0096,  Air  Force  Geophysics  Laboratory,  Hanscom  afb, 

ma 


2.  Self-to-foreign  broadening  coefficients  (B)  experimentally  determined 
for  each  laser  line  frequency,1  as  shown  in  table  2,  have  been  used  instead  of 
the  canonical  value  of  5.0. 


TABLE  2. 

SELF-TO-FOREIGN  BROADENING  COEFFICIENTS 
USED  IN  THE  LINE-BY-LINE  CALCULATIONS 

Laser  Line 

Frequency  (cm-*) 

B 

Px(  7) 

3644.1454 

5.00 

P2(5) 

3577.5002 

6.30 

P2(6) 

3531.1747 

3.91 

P2(7) 

3483.6522 

8.20 

P2(8) 

3434.9994 

5.00 

3.  The  modified  Lorentz  profile  of  reference  1  (or  a  Voigt  derived  from 
it)  has  been  used,  with  n  taken  as  1.88,  which  is  the  optimum  value  determined 
in  reference  1  for  water  vapor  lines  in  the  HF  laser  region. 

Comparisons  of  calculated  coefficients  with  the  experimental  data  presented 
above  are  shown  in  figures  17  through  20,  and  the  computed  coefficients  for 
line  P2(6)  (used  to  calibrate  the  data)  are  given  in  figure  21.  Previous 
experimental  work*  comparing  long-path  absorption  measurements  with  line-by¬ 
line  values  based  on  the  1978  AFGL  tape  indicated  that  agreement  could  be 
obtained  only  if  the  modified  line  profile  of  reference  1  was  used  and  if  the 
tape  was  modified  by  replacing  the  tabulated  water  vapor  parameters  with  those 
evaluated  by  Flaud  and  Camy-Peyret. *  The  1980  version  of  the  AFGL  atlas,  used 
in  the  current  computations,  has  been  updated  to  incorporate  the  Flaud, 
Camy-Peyret  values.  As  can  be  seen  from  figures  17  through  20,  this  version 
of  the  tape,  when  used  with  the  modified  line  profile,  does  an  exceptionally 


‘Wendell  R.  Watkins  et  al ,  1978,  Water  Vapor  Absorpti on  Coef f i ci ents  At  HF 
Laser  Wavelengths,  Part  I;  Atmospheric  Conditions  Corresponding  to  Altitudes 
up  to  7  km,  ASL-TR-0007,  US  Army  Atmospheric  Sciences  Laboratory,  White  Sands 
Missile  Range,  NM. 

*J.  M.  Flaud  and  C.  Camy-Peyret,  1975,  "Vibration-Rotation  Intensities  in 
H?0  -  Type  Molecules,  Application  to  the  2v2,  v,  and  v3  Bands  of  H216o,"  J  Mol 
Spectry ,  55:278. 
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good  job  of  predicting  the  observed  coefficients  at  higher  total  pressures, 
although  some  minor  deviations  occur  at  low  pressures. 

Of  the  lines  observed,  P2 ( 5 )  and  P2(7)  show  exceptional  agreement  with 
calculated  values  while  P^(7)  and  P2(8)  show  minor  discrepancies.  The 
deviations  observed  for  laser  line  Pg ( 8 )  may  simply  be  a  result  of  the  high 
background  "noise"  level  observed  in  the  spectrophone  system  when  operating  on 
this  line.  The  discrepancies  observed  for  laser  line  P^(7),  cannot  be 

explained  in  terms  of  experimental  uncertainties  because  the  coefficients  for 
this  line  are  large  and  are  several  orders  of  magnitude  above  the  observed 
noise  level  of  the  system.  However,  the  systematic  underprediction  of  the 
coefficients  by  the  line-by-line  calculations  is  the  same  type  of  behavior 
observed  elsewhere1  in  comparing  this  type  of  calculation  with  long-path 
absorption  data.  Because  the  calculations  agree  with  the  data  at  high 
pressures  while  overpredicting  the  absorption  at  lower  pressures,  the  problem 
may  be  associated  with  two  weak  water  vapor  lines  in  the  tabulation*  which  are 
predicted  to  be  in  almost  exact  coincidence  with  the  laser  frequency 
(3644.1454  cm-1).  At  higher  pressures,  these  lines  would  broaden,  decreasing 
their  peak  absorption  and  their  contribution  would  be  small  compared  to  the 
wings  of  stronger  adjacent  lines.  At  lower  pressures,  however,  the  wings  of 
adjacent  lines  would  be  diminished  and  the  peaks  of  these  weaker  lines 
increased,  s<r  that  they  could  have  a  significant  effect  upon  the  calculated 
coefficient'-.  If  t'iesfc  lines  (or  the  laser  line  frequency)  were  shifted  by  as 
little  as  0.0  cm-1,  much  of  this  overprediction  could  be  eliminated. 

Because  tM  observed  data  appear  to  follow  the  simplified  relationship 


K(v)  =  A(v)P“{v)Ps 


(5) 


calculations  of  absorption  coefficients  at  low  water  vapor  pressures  can  most 
easily  be  determined  using  this  function  in  conjunction  with  the  parameters 
A(v)  and  a( v)  listed  in  table  3.  However,  the  parameters  of  table  3  are  those 
appropriate  for  ambient  temperature,  at  which  the  data  were  collected.  For 
actual  upper  altitude  simulations  in  which  the  temperature  is  lower. 


‘Wendell  R.  Watkins  et  al,  1978,  Water  Vapor  Absorption  Coefficients  At  HF 
Laser  Wavelengths,  Part  I:  Atmospheric  Conditions  Corresponding  to  Altitudes 
up  to  7  km,  "A$L-TR-O0o7,  US  Army  Atmospheric  Sciences  Laboratory,  White  Sands 
Missile  Range,  NM. 

*In  the  notation  J’^.rc  "  J"<a,KC  these  11nes  are:  n5,7  '  107,4(v  =  001  ' 
000)  at  3644.1413  cm'1  and  54>1  -  41>4(V  =  020  -  000)  at  3644.1480  cm'1. 
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line-by-line  calculations  should  either  be  used  directly  or  be  used  to 
generate  appropriate  values  of  A(\>)  and  a(v). 


TABLE  3.  PARAMETERS  AU)  AND  a(v)  DETERMINED 
IN  FITTING  THE  EXPERIMENTAL  DATA  TO 
K(v)  =  A{ v)  P“{v)P$ 


Laser  Line 

A(v) 

a(  v) 

P  !  ( 7 ) 

1.3983E-02 

0.78473 

P2(5) 

1.6090E-02 

0.81872 

P2(6) 

1.0039E-02 

0.87183 

P2(7) 

1.4339E-02 

0.86551 

CONCLUSIONS 

Absorption  coefficients  were  measured  at  HF  laser  lines  using  low  water  vapor 
pressures  and  total  pressures  ranging  from  125  to  700  torr.  These 
measurements  were  made  using  a  unique  differential  photoacoustic  system  which 
allowed  coefficients  to  be  determined  to  5  x  10~3  km"1.  The  results  of  these 
measurements  were  found  to  be  well  represented  by  a  function  of  the  form 

K(v)  -  MP\MPs  (5) 


where  A ( v)  and  <*(  v)  were  determined  for  each  laser  frequency.  Comparisons  of 
these  data  with  calculated  values  based  on  a  modified  Lorentz  profile,  with  an 
augmented  line  wing,  and  spectroscopic  parameters  tabulated  in  the  1980  AFGL 
atmospheric  absorption  line  compilation,  showed  good  agreement  for  all  lines 
at  high  pressures  (=700  torr),  with  some  discrepancies  appearing  at  lower 
pressures.  The  discrepancies  were  most  significant  at  HF  laser  line  P^ ( 7 ) ; 

however,  these  can  be  explained  In  terms  of  a  possible  mlspositioning  in  the 
tabulation  of  a  pair  of  water  vapor  lines,  which  are  currently  within  0.004 
cm'1  of  the  laser  frequency. 


In  general ,  the  current  data  appear  to  support  previous  findings'  that  water 
vapor  lines  exhibit  augmented  wing  absorption  relative  to  the  standard  Lorentz 
profile  and  that  agreement  with  experimental  observations  can  be  obtained  if 
updated  parameters  are  used  in  conjunction  with  a  profile  of  the  form 
presented  in  reference  I. 


'Wendell  R.  Watkins  et  al,  1978,  Water  Vapor  Absorption  Coefficients  At  HF 
Laser  Wavelengths,  Part  I:  Atmospheric  conditions  Corresponding”  to  Altitudes 
up  to  7  km,  ASL-TR-U007,  US  Army  Atmospheric  Sciences  Laboratory,  White  Sands 
Missile  Range,  W- 
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Figure  1 


Figure  2 


Schematic  of  the  optical  layout  used  for  spectrophone  absorption 
measurement. 


Window  Pump  PotI  Resonant  Subchamber 


Chamber  &  Disc* 


Schematic  of  the  spectrophone  chamber  showing  the  window  assemblies 
and  the  resonant  subchamber. 


.'ill  l.itrr  Krsrmhr 


Figure  5.  Reservoir  system  for  generating  low  water  vapor  content  gas 
mixtures. 
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Figure  6.  Schematic  of  the  spectrophone  fill  and  circulation  systems. 
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ire  9.  Typical  output  waveform  obtained  from 
the  resonant  spectrophone  with  a 
pulsed  laser  source. 


Figure  10.  Signal  versus  power  and  linear  least 
squares  fit  with  a  spectrophone  fill 
giving  an  absorption  coefficient  of 
1.5  km'1. 
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Figure  11- 


Signal  versus  power  and  linear  least 
squares  fit  with  a  spectrophone  fill 
giving  an  absorption  coefficient  of 
0.13  km"1. 


Figure  12.  Typical  spectrophone  calibration 
curve  obtained  using  HF  laser  line 
P2(6>. 
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PRESSURE  H20  (to r-r~> 


Figure  13.  Linear  least  squares  fits  to  observed  absorption  coefficients  for 
HF  laser  lines  P£( 5)  and  ( 7)  at  125,  250,  500,  and  700  torr 

total  pressure. 


PRESSURE  H20  (torr) 


Figure  14.  Linear  least  squares  fits  to  observed  absorption  coefficients  for 
HF  laser  lines  P2(7)  and  P2(6)  at  125,  250,  500,  and  700  torr 
total  pressure. 
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Figure  15.  Least  squares  fits  to  the  differential  absorption  coefficients  of 
HF  laser  lines  Pi (7)  and  P5(5)  as  a  function  of  total  pressure. 
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Figure  16.  Least  squares  fits  to  the  differential  absorption  coefficients  of 
HF  laser  lines  P2<6)  and  Pg ( 7)  as  a  function  of  total  pressure. 


31 


0. 


125.  250.  375.  500.  625.  750. 


TOTAL  PRESSURE  Ctor-rO 


Figure  17.  Observed  absorption  coefficients  for  laser  line  Pj ( 7 )  compared  to 
those  calculated  using  line-by-line  procedures. 
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Figure  19.  Observed  absorption  coefficients  for  laser  line  PgP)  compared  to 
those  calculated  using  line-by-line  procedures. 
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Figure  20.  Observed  absorption  coefficients  for  laser  line  P2 ( 8 >  compared  to 
those  calculated  using  line-by-line  procedures. 
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.  Calculated  coefficients  for  laser  line  P2(6)  used  for  calibration 
of  the  spectrophone  data. 


APPENDIX  A 


BACKGROUND 


For  a  typical  midlatitude  summer  atmospheric  profile  the  water  vapor  pressure 
at  10  km  is  on  the  order  of  50  to  60  mtorr,  while  the  total  pressure  is 
approximately  200  torr.  Under  these  circumstances,  the  absorption 


coefficients  for  HF  laser 
than  10  J  per  kilometer, 
transmission  measurements 


lines  vary  from  about  10'*  per  kilometer  to  less 
If  these  coefficients  are  to  be  determined  from 
for  which  the  transmission  (t)  is  related  to  the 
absorption  coefficient  (K)  through  Beer's  law,  the  errors  in  K  are  given  by 


(aK/K)  =  [l/ln( t)] ( At/t) 


( A-l ) 


where  (at/t)  represents  the  accuracy  of  the  transmission  measurement. 
Consequently,  even  with  a  1.5  km  measurement  path  and  a  1  percent  measurement 
accuracy  (at/t),  the  errors  incurred  in  the  determination  of  K  are:  6.7 
percent  for  K  *  0.1  km-1,  67  percent  for  K  *  0.01  km-1,  and  670  percent  for  K 

*  0.001  km“*.  It  is  obvious  from  these  figures  that  measurement  of 

transmission  is  not  the  best  method  for  use  in  determining  small  absorption 
coefficients,  and  that  an  alternate  approach  which  evaluates  K  directly  is 
required. 


Photoacoustic  detection,  which  exhibits  these  desired  characteristics,  is  the 
approach  chosen  for  the  present  program.  In  effect,  this  type  of  detection 
measures  the  pressure  rise  taking  place  in  an  enclosed  sample  of  gas  as  a 
result  of  the  absorption  of  radiation  and  the  subsequent  transfer  of  this 
absorbed  energy  to  kinetic  energy  through  collisional  deactivation.  To 
determine  the  pressure  response  (p)  of  a  system  due  to  the  addition  of  heat 
(H)  through  absorption  of  radiation,  one  must  solve  the  standard  wave  equation 


v  2p 


1  32P  _  (Y  -  1)  3H 

CT  IF  cl  at 
0  0 


(A-2) 


where  c0  is  the  velocity  of  sound  and  y  is  the  ratio  of  specific  heats 
(C_/C  ).  As  shown  by  Rosencwaig,1  the  easiest  way  to  solve  this  equation  is 
to^take  its  Fourier  transform  and  find  solutions  of  the  resultant  equation  in 
terms  of  the  normal  modes  of  the  system  (that  is,  the  solutions  of  the 
corresponding  homogeneous  wave  equation). 


‘Allan  Rosencwaig,  1980,  Photo-acoustics  and  Photo-acoustic  Spectroscopy,  John 
Wiley  4  Sons,  Inc.,  New  York. 
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If  this  is  done  for  an  open  cylindrical  chamber  of  radius  a  and  length  i,  the 
normal  modes  are  found  to  be 


P.  =  cos  (mp)[A  J  (k  r)][B  sin(k  z)] 
j  m  r  z 


(A-3) 


where  Jm  is  the  Bessel  function  of  the  first  kind,  I  the  axial  dimension  in 
the  cavity,  r  the  radial  dimension  and 


kz  "  7  nz 


nz  =  1,2,3. 


k  =  \  « 
r  a  mn 


where  a  is  defined  by 


J'UaJ 
m  mn 


=  0  . 


The  frequencies  of  the  normal  modes  defined  by  the  integers  m,  n,  and  nz  are 
then  given  by 


Co(kr  +  kP 


1/2 


(A-4) 


and  the  general  solution  for  the  pressure  response  of  the  photoacoustic  system 
is 


p(r,w)  =  r  A.(u)p.(r) 
j  j  j 


(A-5) 


This  represents  the  spectrum  of  the  resultant  pressure  response,  written  in 
terms  of  the  spatially  dependent  normal  mode  structures  pj ( r )  and 
corresponding  amplitude  functions  AjU)  defining  the  frequency  dependence  of 
the  mode.  By  substituting  equation  (14)  into  the  transformed  wave 
equation  one  may  show  that  the  complex  amplitudes  are  given  by 


Aj  ( <o)  =  -i 


(A-6) 
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where  K  Is  the  absorption  coefficient,  I  the  optical  beam  intensity,  and  Vc 
the  chamber  volume.  The  numerator  of  this  equation  represents  the  coupling 
between  the  beam  and  the  normal  mode  j  while  the  denominator  represents  the 
resonant  conditions,  if  any,  which  exist  in  the  photoacoustic  chamber.  The 
fact  that  this  amplitude  tends  to  infinity  as  y  tends  to  uj  is  the  result  of 

ignoring  disipative  forces  acting  on  the  pressure  wave  in  the  chamber.  These 
effects  can  be  added  as  a  perturbation,  modifying  the  above  expression  through 
the  addition  of  a  quality  factor  Qj  for  each  mode.  This  gives 


A  .  ( a))  -  -  i  u 

J 


[K(i 


•  1>/VCJ /P*]  1 


U?  -  oj2)  -i Uuk/Q.  ) 

J  J  J 


dv 


( A-7) 


The  moduli  squared  of  these  complex  amplitude  functions  represent  the  profiles 
for  the  various  modes  in  the  Weiner  or  power  spectrum.  For  a  nonresonant 
system  and  a  spatially  constant  input  beam,  the  only  mode  present  is  the  DC  or 
zero  frequency  mode  for  which 


|A0U) 


[K(r  -  1 )wi/vc3 2 

w2  +  (1/tq) 2 


( A-8) 


where  tq  is  the  damping  time  constant  arising  from  heat  conduction  to  the 
walls  of  the  chamber  and  W  is  now  the  input  power  (watts).  Therefore,  if  a 
nonresonant  system  is  illuminated  with  a  laser  of  power  W  and  the  pressure  is 
allowed  to  reach  its  maximum  value,  this  maximum  will  be  proportional  to 


Pmax  '  lw/V’o 


(A-9) 


Since  the  amplitude  of  this  nonresonant  pressure  rise  is  directly  proportional 
to  the  absorption  coefficient  (K)  and  the  input  power  (W),  a  photoacoustic 
system  could  be  operated  in  this  mode,  with  K  being  determined  by  monitoring 
the  pressure  rise  resulting  from  a  given  input  power.  From  a  practical  point 
of  view,  however,  this  is  not  an  ideal  operating  mode,  because  the  pressure 
sensor  and  associated  electronics  must  operate  at  DC  and  are  consequently 
susceptible  to  1/f  noise  in  the  electronics  and  long  term  drifts  in  the 
system.  If  one  attempts  to  chop  the  input  beam  so  that  synchronous  detection 
can  be  used,  extremely  low  frequencies  must  be  used  because  the  pressure 
response  drops  off  as  1/w. 


To  avoid  these  problems,  a  photoacoustic  detector  can  be  set  up  as  an 
acoustically  resonant  system  and  operated  at  its  fundamental  resonant 
frequency.  Under  these  circumstances,  the  power  spectrum  amplitude  is  given 
by1 


u*  [K1(y  -  l)w/vj» 

IA.UH*  = - - — 

(u*  -  (O2)1  +  (uKO^/Qj)2 


(A-10 ) 


If  the  system  is  driven  at  resonance  («>  =  u^},  the  pressure  response  will  be 
proportional  to 


"max  «  tKUr  '  »»/Vc](Q1/„1) 


(A-U) 


This  exhibits  the  same  dependence  on  K  and  W  as  the  nonresonant  case. 
Consequently,  absorption  coefficients  can  again  be  evaluated  by  simply 
measuring  the  pressure  response  of  the  system  for  a  given  input  power.  Unlike 
the  nonresonant  case,  however,  this  response  has  a  (Q/u> )  dependence,  so  that 
the  (1/w)  fall  off  can  be  counteracted  by  using  a  high  Q  cavity.  In  addition, 
use  of  a  high  Q  cavity  also  allows  for  narrow  bandpass  detection  of  the 
resultant  signals,  substantially  reducing  the  background  noise. 

In  the  present  investigation  only  a  pulsed  HF  laser  was  available.  Although 
the  same  general  expressions  apply  when  using  a  pulsed  source,  the  gain 
normally  associated  with  a  high  Q  cavity  will  not  be  realized  unless  the  laser 
repetition  rate  is  short  compared  to  (Q/w).  Unfortunately,  this  is  normally 
not  the  case  so  that  what  is  obtained  as  output  in  the  time  domain  from  a 
pulse-operated  system  is  a  damped  pressure  response  with  a  peak  proportional 
to 


K  1(y  -  1)W 

— rc -  (  a-12) 

and  a  damping  envelope  given  by  e-t^To  for  the  nonresonant  case  and  e“twl^l 
for  a  resonant  case.  However,  it  is  still  advantageous  to  use  a  resonant 
system,  since:  operation  at  higher  frequencies  avoids  the  1/f  noise 

associated  with  the  pressure  transducer  and  electronics;  narrow  bandpass 
amplification,  which  eliminates  much  of  the  background  noise  can  be  used;  and 
small,  highly  sensitive  microphones  can  be  used  instead  of  larger  volume,  less 
sensitive  capacitance  manometers. 


‘Allan  Rosencwaig,  1980,  Photo-acoustics  and  Photo-acoustic  Spectroscopy,  John 
Wiley  &  Sons,  Inc.,  New  Yorlu 
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ATTN:  Code  5322  (Mr.  Herbert  G.  Hughes) 

San  Diego,  CA  92152 

Commander 

Naval  Ocean  Systems  Center 
ATTN:  Code  4473  (Tech  Library) 

San  Die go,  CA  92152 
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The  RAND  Corporation 
ATTN:  Ralph  Huschke 
1700  Main  Street 
Santa  Monica,  CA  90406 

Particle  Measuring  Systems,  Inc. 

ATTN:  Dr.  Robert  G.  Knollenberg 
1855  South  57th  Court 
Boulder,  CO  80301 

US  Department  of  Commerce 
National  Oceanic  and  Atmospheric  Admin 
Environmental  Research  Laboratories 
ATTN:  Library,  R-51,  Technical  Reports 
325  Broadway 
Boulder,  CO  80303 

US  Department  of  Commerce 
National  Oceanic  and  Atmospheric  Admin 
Environmental  Research  Laboratories 
ATTN:  R45X3  (Dr.  Vernon  E.  Derr) 
Boulder,  CO  80303 

US  Department  of  Commerce 
National  Telecommunications  and 
Information  Administration 
Institute  for  Telecommunication  Sciences 
ATTN:  Code  1-3426  (Dr.  Hans  J.  Hebe) 
Boulder,  CO  80303 


Conmander 

US  Army  Signal  Center  &  Fort  Gordon 
ATTN:  ATZHCD-CS 
Fort  Gordon,  GA  30905 

Commander 

US  Army  Signal  Center  A  Fort  Gordon 

ATTN:  ATZHCD-0 

Fort  Gordon,  GA  30905 

USAFETAC/DNE 

ATTN:  M~.  Charles  Glauber 
Scott  AFB,  IL  62225 

Commander 

Air  Weather  Service 

ATTN:  AWS/DNDP  (LTC  Kit  G.  Cottrell) 

Scott  AFB,  IL  62225 

Commander 

Air  Weather  Service 

ATTN:  AWS/DOOF  (MAJ  Robert  Wright) 

Scott  AFB,  IL  62225 

Commander 

US  Army  Combined  Arms  Center 
A  Ft.  Leavenworth 

ATTN:  ATZLCA-CAA-Q  (Mr.  H.  Kent  Pickett) 
Fort  Leavenworth,  KS  66027 


AFATL/DLODL 
Technical  Library 
Eglin  AFB,  FL  32542 

Commanding  Officer 
Naval  Training  Equipment  Center 
ATTN:  Technical  Information  Center 
Orlando,  FL  32813 

Georgia  Institute  of  Technology 
Engineering  Experiment  Station 
ATTN:  Dr.  Robert  W.  McMillan 
Atlanta,  GA  30332 

Georgia  Institute  of  Technology 
Engineering  Experiment  Station 
ATTN:  Dr.  James  C.  Wlltse 
Atlanta,  GA  30332 

Commandant 

US  Any  Infantry  Center 

ATTN:  ATSH-CD-MS-E  (Mr.  Robert  McKenna) 

Fort  Benning,  GA  31805 


Commander 

US  Army  Combined  Arms  Center 
&  Ft.  Leavenworth 

ATTN:  ATZLCA-SAN  (Robert  DeKInder,  Jr.) 
Fort  Leavenworth,  KS  66027 

Commander 

US  Army  Combined  Arms  Center 
A  Ft.  Leavenworth 

ATTN:  ATZLCA-SAN  (Mr.  Kent  I.  Johnson) 
Fort  Leavenworth,  KS  66027 

Commander 

US  Amy  Combined  Arms  Center 
A  Ft.  Leavenworth 

ATTN:  ATZLCA-WE  (LTC  Darrell  Holland) 
Fort  Leavenworth,  KS  66027 

President 

USAARENBD 

ATTN:  ATZK-AE-TA  (Dr.  Charles  R.  Leake) 
Fort  Knox,  KY  40121 


Commander 

US  Army  Armor  Center  and  Fort  Knox 
ATTN:  ATZK-CD-MS 
Fort  Knox,  KY  40121 

Commander 

US  Army  Armor  Center  and  Fort  Knox 
ATTN:  ATZK-CO-SD 
Fort  Knox,  KY  40121 

Aerodyne  Research  Inc. 

ATTN:  Dr.  John  F.  Ebersole 
Crosby  Drive 
Bedford,  MA  01730 

Commander 

Air  Force  Geophysics  Laboratory 
ATTN:  OPA  (Dr.  Robert  W.  Fenn) 

Hanscom  AFB ,  MA  01731 

Commander 

Air  Force  Geophysics  Laboratory 
ATTN:  OPI  (Dr.  Robert  A.  McClatchey) 
Hanscom  AFB,  MA  01731 

Massachusetts  Institute  of  Technology 

Lincoln  Laboratory 

ATTN:  Dr.  T.  J.  GobliCk,  B-370 

P.0.  Box  73 

Lexington,  MA  02173 

Massachusetts  Institute  of  Technology 

Lincoln  Laboratory 

ATTN:  Dr.  Michael  Gruber 

P.0.  Box  73 

Lexington,  MA  02173 

Raytheon  Company 

Equipment  Division 

ATTN:  Dr.  Charles  M.  Sonnenscheln 

430  Boston  Post  Road 

Way land,  MA  01778 

Commander 

US  Army  Ballistic  Research  Laboratory/ 
ARRADCOM 

ATTN:  DRDAR-BLB  (Mr.  Richard  McGee) 
Aberdeen  Proving  Ground,  MD  21005 


Commander/Di  rector 
Chemical  Systems  Laboratory 
US  Army  Armament  Research 
&  Development  Command 
ATTN:  DRDAR-CLB-PS  (Dr.  Edward  Stueblng) 
Aberdeen  Proving  Ground,  MD  21010 

Commander/Di  rector 
Chemical  Systems  Laboratory 
US  Army  Armament  Research 

4  Development  Command 

ATTN:  DRDAR-CLB-PS  (Mr.  Joseph  Vervler) 
Aberdeen  Proving  Ground,  MD  21010 

Commander/Di  rector 
Chemical  Systems  Laboratory 
US  Army  Armament  Research 
&  Development  Command 
ATTN:  DRDAR-CLY-A  (Mr.  Ronnald  Pennsyle) 
Aberdeen  Proving  Ground,  MD  21010 

Commander 

US  Army  Ballistic  Research  Laboratory/ 
ARRADCOM 

ATTN:  DRDAR-TSB-S  (STINFO) 

Aberdeen  Proving  Ground,  MD  21005 

Commander 

US  Army  Electronics  Research 
&  Development  Command 
ATTN:  DRDEL-CCM  (W.  H.  Pepper) 

Adel  phi,  MD  20783 

Commander 

US  Army  Electronics  Research 

5  Development  Command 

ATTN:  DRDEL-CG/DRDEL-DC/DRDEL-CS 
2800  Powder  Mill  Road 
Adelphl ,  MD  20783 

Commander 

US  Army  Electronics  Research 

6  Development  Command 
ATTN:  DRDEL-CT 

2800  Powder  Mill  Road 
Adelphl,  If)  20783 

Commander 

US  Amy  Electronics  Research 
&  Development  Command 
ATTN:  DRDEL-PAO  (M.  Singleton) 

2800  Powder  Mill  Road 
Adelphl,  MD  20783 


* 
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Project  Manager 
Smoke/Obscurants 
ATTN:  DRDPM-SMK 

(Dr.  Anthony  Van  de  Wal ,  Jr.) 
Aberdeen  Proving  Ground,  MD  21005 

Project  Manager 
Smoke/Obscurants 

ATTN:  ORDPM-SMK-T  (Mr.  Sidney  Gerard) 
Aberdeen  Proving  Ground,  MO  21005 

Commander 

US  Army  Test  &  Evaluation  Command 
ATTN:  DRSTE-AD-M  (Mr.  Warren  M.  Baity) 
Aberdeen  Proving  Ground,  MO  21005 

Commander 

US  Army  Test  S  Evaluation  Command 
ATTN:  DRSTF-AD-M  (Or.  Norman  E.  Pentz) 
Aberdeen  Proving  Ground,  MD  21005 

Director 

US  Army  Materiel  Systems  Analysis  Activity 
ATTN:  DRXSV-AAM  (Mr.  William  Smith) 
Aberdeen  Proving  Ground,  MD  21005 

Director 

US  Army  Materiel  Systems  Analysis  Activity 
ATTN:  DRXSY-CS  (Mr.  Philip  H.  Beavers) 
Aberdeen  Proving  Ground,  MD  21005 

Oi rector 

US  Army  Materiel  Systems  Analysis  Activity 
ATTN:  ORXSY-GB  (Wilbur  L.  Warfield) 
Aberdeen  Proving  Ground,  MD  21005 

Di rector 

US  Army  Materiel  Systems  Analysis  Activity 
ATTN:  ORXSY-GP  (Mr.  Fred  Campbell) 

Aberdeen  Proving  Ground,  MD  21005 

Director 

US  Army  Material  Systems  Analysis  Activity 
ATTN:  DRXSY-GP  (H.  Stamper) 

Aberdeen  Proving  Grounds,  MD  21005 

Director 

US  Army  Materiel  Systems  Analysis  Activity 
ATTN:  DRXSY-GS 

(Mr.  Michael  Starks/Mr.  Julian  Chernick) 
Aberdeen  Proving  Ground,  MD  21005 


Director 

US  Army  Materiel  Systems  Analysis  Activity 
ATTN:  DRXSY-J  (Mr  James  F.  O'Bryon) 
Aberdeen  Proving  Ground,  MD  21005 

Director 

US  Army  Materiel  Systems  Analysis  Activity 
ATTN:  DRXSY-LM  (Mr.  Robert  M.  Marchetti ) 
Aberdeen  Proving  Ground,  MD  21005 

Commander 

Harry  Diamond  laboratories 
ATTN:  Dr.  William  W.  Carter 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

Harry  Diamond  laboratories 
ATTN:  DELHD-R-CM  (Mr.  Robert  McCoskey) 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

Harry  Diamond  Laboratories 
ATTN:  DELHD-R-CM-NM  (Dr.  Robert  Humphrey) 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

Harry  Diamond  Laboratories 
ATTN:  DF.IHD-R-CM-NM  (Dr.  Z.  G.  Sztankay) 
2300  Powder  Mill  Road 
Adel  phi,  MD  20783 

Comma r.  r 

Harrv  Diamond  Laboratories 
ATTN:  DELHD-R-CM-NM  (Dr.  Joseph  Nemarich) 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

Air  Force  Systems  Command 

ATTN:  WER  (Mr.  Richard  F.  Plcanso) 

Andrews  AFB,  MD  20334 

Martin  Marietta  laboratories 
ATTN:  Jar  Mo  Chen 
1450  South  Rolling  Road 
Baltimore.  K)  21227 


Commander 

US  Army  Concepts  Analysis  Agency 
ATTN:  CSCA-SMC  (Mr.  Hal  E.  Hock) 

8120  Woodmont  Avenue 
Bethesda,  MO  20014 

Director 

National  Security  Agency 
ATTN:  R52/Dr.  Douglas  Woods 
Fort  George  G.  Meade,  MD  20755 

Chief 

Intelligence  Materiel  Development 
A  Support  Office 

US  Army  Electronic  Warfare  Laboratory 
ATTN:  DELEW-I  (LTC  Kenneth  E.  Thomas) 
Fort  George  G.  Meade,  MD  20755 

The  Johns  Hopkins  University 
Applied  Physics  Laboratory 
ATTN:  Dr.  Michael  J.  Lun 
John  Hopkins  Road 
Laurel 1,  MD  20810 

Dr.  Stephen  T.  Hanley 
1720  Rhodesia  Avenue 
Oxon  Hill,  MD  20022 

Science  Applications  Inc. 

ATTN:  Mr.  G.  D.  Currie 
15  Research  Drive 
Ann  Arbor,  MI  48103 

Science  Applications  Inc. 

ATTN:  Dr.  Robert  E.  Turner 
15  Research  Drive 
Ann  Arbor,  MI  48103 

Commander 

US  Army  Tank -Automotive  Research 
&  Development  Command 
ATTN:  DRDTA-ZSC  (Mr.  Harry  Young) 
Warren,  MI  48090 

Commander 

US  Amry  Tank  Automotive  Research 
A  Development  Command 
ATTN:  DRDTA-ZSC  (Mr.  Wallace  Mick,  Jr.) 
Warren,  MI  48090 


Dr.  A.  D.  Belmont 
Research  Division 
Control  Data  Corporation 
P.0.  Box  1249 
Minneapolis,  MN  55440 

Director 

US  Army  Engr  Waterways  Experiment  Station 
ATTN:  WESEN  (Mr.  James  Mason) 

P.0.  Box  631 
Vicksburg,  MS  39180 

Dr.  Jerry  Davis 
Department  of  Marine,  Earth 
and  Atmospheric  Sciences 
North  Carolina  State  University 
Raleigh,  NC  27650 

Commander 

US  Army  Research  Office 
ATTN:  DRXRO-GS  (Dr.  Leo  Alpert) 

P.0.  Box  12211 

Research  Triangle  Park,  NC  27709 
Commander 

US  Army  Research  Office 
ATTN:  DRXRO-PP  (Brenda  Mann) 

P.0.  Box  12211 

Research  Triangle  Park,  NC  27709 
Commander 

US  Army  Cold  Regions  Research 
A  Engineering  Laboratory 
ATTN:  CRREL-RD  (Dr.  K.  F.  Sterrett) 
Hanover,  NH  03755 

Commander/Di  rector 
US  Army  Cold  Regions  Research 
A  Engineering  Laboratory 
ATTN:  CRREL-RG  (Mr.  George  Aitken) 
Hanover,  NH  03755 

Commander 

US  Army  Cold  Regions  Research 
A  Engineering  Laboratory 
ATTN:  CRREL-RG  (Mr.  Roger  H.  Berger) 
Hanover,  NH  03755 

Commander 

US  Amy  Armament  Research 
A  Development  Command 
ATTN:  DRDAR-AC  (Mr.  James  Greenfield) 
Dover,  NJ  07801 
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Commander 

US  Army  Armament  Research 
4  Development  Command 
ATTN:  DRDAR-TSS  (Bldg  #59) 

Dover,  NJ  07801 

Commander 

US  Army  Armament  Research 
4  Development  Command 
ATTN:  DRCPM-CAWS-EI  (Mr.  Peteris  Jansons) 
Dover,  NJ  07801 

Commander 

US  Army  Armament  Research 
A  Development  Command 
ATTN:  DRCPM-CAWS-EI  (Mr.  G.  H.  Waldron) 
Dover,  NJ  07801 

Deputy  Joint  Project  Manager 
for  Navy/USMC  SAL  GP 

ATTN:  DRCPM-CAWS-NV  (CPT  Joseph  Mlcell) 
Dover,  NJ  07801 

Commander/Di  rector 

'JS  Army  Combat  Surveillance  4  Target 
Acquisition  Laboratory 
ATTN:  OELCS-I  (Mr.  David  Longlnotti) 

Fort  Monmouth,  NJ  07703 

Commander/Di  rector 

US  Army  Combat  Surveillance  4  Target 
Acquisition  Laboratory 
ATTN:  DELCS-PE  (Mr.  Ben  A.  Di  Campli) 

Fort  Monmouth,  NJ  07703 

Commander/Di  rector 

US  Army  Combat  Surveillance  4  Target 
Acquisition  Laboratory 
ATTN:  DELCS-R-S  (Mr.  Donald  L.  Folanl) 
Fort  Monmouth,  NJ  07703 

DI rector 

US  Army  Electronics  Technology  4 
Devices  Laboratory 
ATTN:  DELET-DD  (S.  Danko) 

Fort  Monmouth,  NJ  07703 

Project  Manager 
FIREFINDER/REMBASS 

ATTN:  DRCPM-FFR-TM  (Mr.  John  V.  Bialo) 
Fort  Monmouth,  NJ  07703 


Commander 

US  Anny  Electronics  Research 
4  Development  Command 
ATTN:  DRDEL-SA  (Dr.  Walter  S.  McAfee) 
Fort  Monmouth,  NJ  07703 

OLA,  2WS  (MAC) 

Holloman  AFB,  NM  88330 
Commander 

Air  Force  Weapons  Laboratory 
ATTN:  AFWu/WE  (MAJ  John  R.  Elrick) 
Kirtland,  AFB,  NM  87117 

DI rector 

USA  TRADOC  Systems  Analysis  Activity 
ATTN:  ATAA-SL 

White  Sands  Missile  Range,  NM  88002 
Director 

USA  TRADOC  Systems  Analysis  Activity 
ATTN:  ATAA-SL  (Dolores  Angulano) 

White  Sands  Missile  Range,  NM  88002 

Director 

USA  TRADOC  Systems  Analysis  Activity 
ATTN:  ATAA-TDB  (Mr.  Louie  Dominguez) 
White  Sands  Missile  Range,  NM  88002 

Director 

USA  TRADOC  Systems  Analysis  Activity 
ATTN:  ATAA-TDB  (Mr.  William  J.  Leach) 
White  Sands  Missile  Range,  NM  88002 

Director 

USA  TRADOC  Systems  Analysis  Activity 
ATTN:  ATAA-TGP  (Mr.  Roger  F.  Willis) 
White  Sands  Missile  Range,  NM  88002 

Director 

Office  of  Mis  le  Electronic  Warfare 
ATTN:  DELEW-M-STO  (Dr.  Steven  Kovel) 
White  Sands  Missile  Range,  NM  88002 

Office  of  the  Test  Director 
Joint  Services  EO  GW  CM  Test  Program 
ATTN:  DPXDE-TD  (Mr.  Weldon  Findley) 
White  Sands  Missile  Range,  NM  88002 

Commander 

US  Amy  White  Sands  Missile  Range 
ATTN:  S7EWS-PT-AL  (Laurel  B.  Saunders) 
White  Sands  Missile  Range,  NM  88002 
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SHE 


Commander 

US  Army  RAD  Coordinator 
US  Embassy  -  Bonn 
Box  165 

APO  New  York  09080 

Grumman  Aerospace  Corporation 
Research  Department  -  MS  A08-35 
ATTN:  John  E.  A.  Selby 
Bethpage,  NY  11714 

Rome  Air  Development  Center 
ATTN:  Documents  Library 
TSLD  (Bette  Smith) 

Griff Iss  AFB,  NY  13441 

Dr.  Roberto  Vagi io-Laurin 
Faculty  of  Arts  and  Science 
Dept,  of  Applied  Science 
?6-36  Stuyvesant  Street 
New  York,  NY  10003 

Air  Force  Wright  Aeronautical  Laboratories/ 
Avionics  Laboratory 

ATTN:  AFWAL/AARI-3  (Mr.  Harold  Geltmacher) 
Wright-Patterson  AFB,  OH  45433 

Air  Force  Wright  Aeronautical  Laboratories/ 
Avionics  Laboratory 

ATTN:  AFWAL/AARI-3  (CPT  William  C.  Smith) 
Wright-Patterson  AFB,  OH  45433 

Commandant 

US  Army  Field  Artillery  School 
ATTN:  ATSF-CF-R  (CPT  James  M.  Watson) 

Fort  Sill,  OK  73503 

Commandant 

US  Army  Field  Artillery  School 
ATTN:  ATSF-CD-MS 
Fort  Sill,  OK  73503 

Commandant 

US  Army  Field  Artillery  School 
ATTN:  ATSF-CF-R 
Fort  Sill,  OK  73503 

Commandant 

US  Army  Field  Artillery  School 
ATTN:  NOAA  Liaison  Officer 

(CDR  Jeffrey  G.  Carlen) 

Fort  Sill,  OK  73503 


Commandant 

US  Army  Field  Artillery  School 
Morris  Swett  Library 
ATTN:  Reference  Librarian 
Fort  Sill,  OK  73503 

Commander 

Naval  Air  Development  Center 
ATTN:  Code  301  (Mr.  George  F.  Eck) 
Warminster,  PA  18974 

The  University  of  Texas  at  El  Paso 
Electrical  Engineering  Department 
ATTN:  Dr.  Joseph  H.  Pierluissl 
El  Paso,  TX  79968 

Commandant 

US  Army  Air  Defense  School 

ATTN:  ATSA-CD-SC-A  (CPT  Charles  T.  Thorn) 

Fort  Bliss,  TX  79916 

Commander 

HQ,  TRADOC  Combined  Arms  Test  Activity 
ATTN:  ATCAT-OP-Q  (CPT  Henry  C.  Cobb,  Jr.) 
Fort  Hood,  TX  76544 

Commander 

HQ,  TRADOC  Combined  Arms  Test  Activity 
ATTN:  ATCAT-SCI  (Dr.  Darrell  W.  Collier) 
Fort  Hood,  TX  76544 

Commander 

US  Army  Dugway  Proving  Ground 
ATTN:  STEDP-MT-DA-L 
Dugway ,  UT  84022 

Commander 

US  Army  Dugway  Proving  Ground 

ATTN:  STEDP-MT-DA-M  (Mr.  Paul  E.  Carlson) 

Dugway,  UT  84022 

Commander 

US  Army  Dugway  Proving  Ground 

ATTN:  STEDP-MT-DA-T  (Mr.  John  Trethewey) 

Dugway,  UT  84022 

Commander 

US  Army  Dugway  Proving  Ground 

ATTN:  STEDP-MT-DA-T  (Mr.  William  Peterson) 

Dugway ,  UT  84022 
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Defense  Documentation  Center 
ATTN:  DDC-TCA 
Cameron  Station  Bldg  5 
Alexandria,  VA  22314 
12 

Ballistic  Missile  Defense  Program  Office 
ATTN:  DACS-BMT  (Colonel  Harry  F.  Ennis) 
5001  Eisenhower  Avenue 
Alexandria,  VA  22333 

Defense  Technical  Information  Center 
ATTN:  DDA-2  (Mr.  James  E.  Shafer) 
Cameron  Station,  Bldg  5 
Alexandria,  VA  22314 

Commander 

US  Army  Materiel  Development 
X  Readiness  Command 

ATTN:  DRCBSI-EE  (Mr.  Albert  Giambalvo) 
5001  Eisenhower  Avenue 
Alexandria,  VA  22333 

Commander 

US  Army  Materiel  Development 
X  Readiness  Command 
ATTN:  DRCLDC  (Mr.  James  Bender) 

5001  Eisenhower  Avenue 
Alexandria,  VA  22333 

Defense  Advanced  Rsch  Projects  Agency 
ATTN:  Steve  Zakanyez 
1400  Wilson  131  vd 
Arlington,  VA  22209 

Defense  Advanced  Rsch  Projects  Agency 
ATTN:  Dr.  James  Tegnelia 
1400  Wilson  Blvd 
Arlington,  VA  22209 

Institute  for  Defense  Analyses 
ATTN:  Mr.  lucien  M.  Biberman 
400  Army-Navy  Drive 
Arlington,  VA  22202 

Institute  for  Defense  Analyses 
ATTN:  Dr.  Ernest  Bauer 
400  Army-Navy  Drive 
Arlington,  VA  22202 

Institute  for  Defense  Analyses 
ATTN:  Dr.  Hans  G.  Wolf hard 
400  Army-Navy  Drive 
Arlington,  VA  22202 


System  Planning  Corporation 
ATTN:  Mr.  Daniel  criedman 
1500  Wilson  Boulevard 
Arlington,  VA  22209 

System  Planning  Corporation 
ATTN:  COL  Hank  Shelton 
1500  Wilson  Boulevard 
Arlington,  VA  22209 

US  Army  Intelligence  &  Security  Command 
ATTN:  Edwin  Speakman,  Scientific  Advisor 
Arlington  Hall  Station 
Arlington,  VA  22212 

Commander 

US  Army  Operational  Test 
&  Evaluation  Agency 
ATTN:  CSTE-ED  (Mr.  Floyd  I.  Hill) 

5600  Columbia  Pike 
Falls  Church,  VA  22041 

Commander  and  Director 
US  Army  Engineer  Topographic  Laboratories 
ATTN:  ETL-GS-A  (Mr.  Thomas  Neidringhaus) 
Fort  Bel  voir,  VA  22060 

Director 

US  Army  Night  Vision  & 

Electro-Optics  Laboratory 
ATTN:  DELNV-L  (Dr.  Rudolf  G.  Buser) 

Fort  Bel  voir,  VA  22060 

Director 

US  Army  Night  Vision  & 

Electro-Optics  Laboratory 
ATTN:  DELNV-L  (Dr.  Robert  S.  Rodhe) 

Fort  Bel  voir,  VA  22060 

Di rector 

US  Army  Night  Vision  S 
Electro-Optics  Laboratory 
ATTN:  DELNV-VI  (Mr.  Joseph  R.  Moulton) 
Fort  Bel  voir,  VA  22060 

Director 

US  Army  Night  Vision  & 

Electro-Optics  Laboratory 
ATTN:  DELNV-VI  (Luanne  P.  Obert) 

Fort  Bel  voir,  VA  22060 
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Di rector 

'JS  Army  Night  Vision 

£  Electro-Optics  Laboratory 
ATTN:  OELNV-VI  (Mr.  Thomas  W.  Cassidy) 
Fort  Re) voir,  V A  22060 

Oi rector 

US  Army  Night  Vision  & 

Electro-Optics  Laboratory 
ATTN:  DELNV-v:  (Mr.  Richard  J.  Bergemann) 
Fort  3elvoir,  v A  22060 

Di rector 

'JS  Army  Night  Vision  & 

Electro-Optics  Laboratory 
ATTN:  DELNV-V I  (Dr.  James  A.  Batches) 

Fort  Bel  voir,  VA  22060 

Commander 

JS  Army  Training  &  Doctrine  Command 

ATTN:  ATCD-AN 

Fort  Monroe,  VA  23651 

Commander 

JS  Army  Training  &  Doctrine  Command 

ATTN:  ATCD-AN-M 

Fort  Monroe,  VA  23651 

Commander 

US  Army  Training  ft  Doctrine  Command 
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